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The Langley  Test  Bed  Aircraft  Multispectral  Scanner  (TBAMS)  was  flown 
during  the  James  Shelf,  Plume  Scan,  and  Chesapeake  Bay  missions  as  part  of 
the  Superflux I1 Experiment.  Excellent  correlations  were  obtained  between 
water  sample  measurements  of  chlorophyll  and  sediment  and  TBAMS  radiance 
data.  The  three-band  algori'thms  used  were  insensitive  to  aircraft  altitude 
and  varying  atmospheric  conditions. This  was  particularly  fortunate  due  to 
the  hazy  conditions  during  most  of  the  experiments. A contour  map  of 
sediment,  and  also  chlorophyll, was derived  for  the  Chesapeake  Bay  plume 
along  the  southern  Virginia-Carolina  coastline. A sediment  maximum  occurs 
about 5 nautical  miles  off  the  Virginia  Beach  coast  with  a  chlorophyll 
maximum  slightly  shoreward  of  this.  During  the Jaines  Shelf mission,  a 
thermal  anomaly  (or  front)  was  encountered  about 50 miles  from  the  coast. 
There  was  a  minor  variation  in  chlorophyll  and  sediment  across  the  boundary. 
During  the  Chesapeake  Bay  mission,  the  Sun  elevation  increased  from 50 
degrees  to  over  70  degrees,  interfering  with  the  generation  of  data  products. 
INTRODUCTION 
The  Langley  Testbed  Airborne  Multispectral  Scanner,  abbreviated  TBAMS, 
was  flown  on  three  missions  during  the  Superflux I1 experiment  in  June  of 
1980.  TBAMS  is  a  conventional  rotating  mirror  scanner  designed  to  be  flex- 
ible  with  respect  to  spectral  band  location  and  sensitivity.  For  the 
Superflux  I1  experiment,  eight  visible/near-IR  bands,  each 20 nanometers 
wide,  were  selected  as  given  in  figure 1. A thermal  IR  channel  was  also 
available. The two  curves  in  figure 1 represent  the  normalized  spectral 
response  of  TBAMS  for  two  different  water  masses  with  the  sediment  and 
chlorophyll  concentrations  shown.  In  general,  all  of  the  bands  respond  to 
an  increase  in  sediment.  However,  they also respond  to  an  increase in haze, 
clouds,  and  other  atmospheric  parameters. To minimize  this  interference, 
spectral  bands  can  be  ratioed. The best  ratio  for  sediment  is  Band  7/Band 8. 
This  ratio  is  still  sensitive  to  atmospheric  variations,  however. A better 
algorithm  for  minimizing  the  atmospheric  contribution  is  the  three-band 
ratio,  (Band  7)  /(Band 6 x Band 8): This  algorithm  is  equivalent  to 2 
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measur ing  the  angular  var ia t ion  of the  normal ized  response  curve  about  Band 7. 
For t he  sed imen t  va r i a t ions  shown, th i s  angu la r  change  i s  about 4 . I n  a 
similar manner, the  three-band a lgor i thm centered  a t  Band 4 can b e  u s e d  t o  
monitor low levels of chlorophyl l .  
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F igure 1. - Normalized  response of TBAMS channels.  
An ind ica t ion  o f  t he  th ree -band  a lgo r i thm e f fec t iveness  in  co r rec t ing  
fo r  a tmosphe r i c ,  o r  what is  more properly  termed  off-nadir,   radiance  varia- 
t i o n s  i s  shown i n  f i g u r e  2. Seve ra l  s can l ines  from t h e  end  of b a s e l i n e  4 of 
t h e  Plume Scan Mission have been averaged to minimize noise and minor va r i a -  
t i o n s  i n  t h e  water mass. The r ad iance  va r i a t ions  a long  each  scan l ine  fo r  t he  
three bands shown d i s p l a y  t h e  c h a r a c t e r i s t i c  i n c r e a s e  a t  each end, due 
p r i m a r i l y  t o  t h e  i n c r e a s e d  p a t h  l e n g t h  from t h e  s u r f a c e  t o  t h e  s e n s o r .  I t  can 
b e  s e e n  t h a t  t h e  r a d i a n c e  v a r i a t i o n  i s  g r e a t e s t  f o r  Band 6 and least  f o r  
Band 8. When the  three  bands are r a t i o e d ,  t h e  o f f - n a d i r  v a r i a t i o n  h a s  
e s s e n t i a l l y  been  removed while  the sediment  information has  been retained.  
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F i g u r e  2. - Re la t i ve  rad iance var ia t ion  a long scan l ines .  
EXPERIMENT RESULTS 
Plume Scan Mission 
I n  o r d e r  t o  c o n v e r t  t h e  r a d i a n c e  v a r i a t i o n s  a t  t h e  s e n s o r  i n t o  s e d i m e n t  
v a r i a t i o n s  w i t h i n  t h e  water column, a ca l ib ra t ion  cu rve  w a s  e s t ab l i shed .  
Ten sh ip  s t a t ions  loca t ed  nea r  t he  Chesapeake  Bay en t r ance  w e r e  overflown on 
e i t h e r  J u n e  20 (James Shelf  Mission)  or  June 24 (Plume Scan Mission) .  
F igure  3 is  a p l o t  of t h e  (Band 7)  /(Band 6 x Band 8) r a d i a n c e  r a t i o  2 
ve r sus  sed imen t  concen t r a t ion  fo r  t hese  s t a t ions .  Where samples were analyzed 
from l m  and 3m dep ths ,  t he  two va lues  were averaged  to  g ive  one  va lue .  The 
a i r c r a f t  a l t i t u d e  d u r i n g  t h e  o v e r p a s s  of the John Smith on June 20 w a s  5 .3  k m ,  
w h i l e   t h e   a l t i t u d e  f o r  t h e  o t h e r  s t a t i o n s  was 2 . 3  km. Considering 
t h e  v a r i a t i o n s  i n  f l i g h t  a l t i t u d e ,  day of  sampling,  and haze condi t ions,  this  
is  a good c o r r e l a t i o n  of d a t a  f o r  s u c h  a small sp read  in  sed imen t .  (On s i m i -  
lar experiments i n  t h i s  area dur ing  March of 1979, the  sed iment  var ied  f rom 
1 t o  20 mg/l) .  
F l i g h t  lines f o r  t h e  Plume Scan Mission are p l o t t e d  i n  f i g u r e  4 .  
Orig ina l ly ,  the  miss ion  w a s  to  have been f lown a t  7 k m  a l t i t u d e  w i t h  
t h e  b a s e i i n e s  o r i e n t e d  p a r a l l e l  t o  t h e  c o a s t ,  b u t  h a z e  f o r c e d  t h e  a i r c r a f t  
down t o  2 . 3  km and t h e  b a s e l i n e s  were o r i e n t e d  e s s e n t i a l l y  p e r p e n d i c u l a r  
t o  t h e  c o a s t  whereby t h e  Bay Plume could  be  contoured .  This  or ien ta t ion  put  
t h e  Sun l i n e  p e r p e n d i c u l a r  t o  t h e  s c a n n e r  d i r e c t i o n  s u c h  t h a t  s u n g l i n t  would 
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Figure 3. - Regression  plot of sediment vs. band 7 algorithm. 
Figure 4. - Plume scan mlsslon flight lines for 6/24/80. 
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be  minimized. A t  t h i s  a l t i t u d e ,  t h e  s w a t h  w i d t h  o f  t h e  s c a n n e r  is only  
1.4 nmi. and two dimensional  data  products  would not  be very useful .  r 
Sediment p r o f i l e s  a l o n g  e a c h  b a s e l i n e  were gene ra t ed  us ing  the  cali- 
b r a t i o n  d a t a  f r o m  f i g u r e  3.  Only t h e  25 scanne r  p ixe l s  a t  n a d i r  were used 
i n  t h e  i n i t i a l  p r o d u c t  a n d  t h e n  t h i s  w a s  smoothed t o  e l i m i n a t e  t h e  u s u a l  
e l e c t r o n i c  a n d  s c e n e  n o i s e  i n h e r e n t  i n  h i g h  r e s o l u t i o n  s c a n n e r  d a t a .  The 
p r o f i l e s  f o r  b a s e l i n e s  6 and 3 are shown i n  f i g u r e  5 .  I n  g e n e r a l ,  t h e r e  is 
a high sediment area near  the  coas t  and  a more pronounced plume reaching a 
maximum around 6 t o  1 0  nmi. o f f shore .  
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Figure 5. - Plume  scan  sediment  profiles  from  baselines 3 and 6. 
The sed imen t  p ro f i l e s  f rom the  t en  base l ines  were u s e d  t o  c o n s t r u c t  t h e  
contour map p r e s e n t e d  i n  f i g u r e  6 .  Only the  boundar ies  of  the  plume are 
shown; t h e r e  were many o s c i l l a t i o n s  a b o u t  t h e  2 mg/ l  contour  wi th in  the  
plume, b u t  i t  w a s  c o n s i d e r e d  d i s t r a c t i n g  t o  show a l l  of t h e  d e t a i l s  on such a 
small p l o t .  The  main f ea tu re  o f  t he  sou the rn  po r t ion  o f  t he  plume i s  t h e  
sediment maximum about  6 nmi. o f f  t h e  V i r g i n i a  Beach coast .  There is  a 
similar maximum nor theas t  o f  t he  Bay mouth. 
The o n l y  s h i p  s t a t i o n s  w i t h i n  t h e  s c a n n e r  f i e l d  o f  view are those  shown 
i n  f i g u r e  6 .  The  Warfield,  which  measured 18 mg/l  sediment,  w a s  pos i t i oned  
between basel ines  6 and 7. To e x p l a i n  t h i s  anomaly, w e  must  look a t  t h e  
photography f rom the  h igh  a l t i tude  miss ion  on June 20. F igure  7 i s  a T-11 
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Figure 6. - Chesapeake Bay plume  sediment COdOurS for 6/24/80, > 
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1 2 3 4 5 6 
1. Ch a 1.000 
2. Ph a .992  1.000 
3. Ch + Ph .999  .990 1.000 
4 .  N. Vol.  .024 -. 065 .ooo 1.000 
5. V O l .  -. 380 -. 538 -. 424 .776 1.000 
6 .  Tot:Sed. .153  .152 .153 .935  .949 1.000 
Table  1. - C o r r e l a t i o n  of ship d a t a  from Superf lux  11. 
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Figure 7.- Photo of Cape Henry area taken on 6/20/80 showing sediment plume. 
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image  taken a t  7 km over  the  Cape Henry area. A sediment plume is  
seen to  fo l low the  coas t  a round  Cape Henry and t h e n  s p r e a d  i n t o  a f r o n t  t h a t  
curves  f rom the  Virg in ia  Beach coas t  toward  the  nor theas t .  A similar f e a t u r e  
w a s  p robably  present  on June 2 4 ,  i n  which case t h e  b a s e l i n e s  were n o t  
op t ima l ly  loca t ed  to  mon i to r  t h i s  impor t an t  po r t ion  o f  t he  plume. 
C h l o r o p h y l l  a l s o  c o r r e l a t e d  w i t h  TBAMS r a d i a n c e  d a t a ,  b u t  it is necessary  
t o  i n v e s t i g a t e  t h e  r e l a t i o n  be tween ch lorophyl l  and  to ta l  sed iment  to  de te r -  
mine the i r  dygree  of  independence  in  the  regress ion  da ta .  Table  1 g ives  the  
cor re la t ion  be tween Ch 2, Ph a, non-vo la t i l e ,  and  vo la t i l e  s ed imen t  compo- 
n e n t s  f o r  t h e  s h i p  d a t a  u s e d  i n  the  Super f lux  I1 d a t a  a n a l y s i s .  T h e r e  were 
24 chlorophyl l  and 17 sediment  analyses  and 4 v o l a t i l e l n o n - v o l a t i l e  s e p a r a -  
t i o n s .  The Ch a and Ph a measurements c o r r e l a t e  w e l l  wi th  each  o ther  and  wi th  
t h e i r  sum. Since  both  c&ponents   inf luence  the  upwelled  radiance  spectra ,  
t h e  sum w i l l  be  used  in  the  cor re la t ion  ana lys i s ,  and  where  samples  were 
taken a t  both l m  and 3m depths, an average of the  two measurements w a s  made. 
The low c o r r e l a t i o n s  i n  T a b l e  1 between to t a l  s ed imen t  and  the  ch lo rophy l l  
parameters are somewhat u n u s u a l  i n  t h a t  t h e s e  two parameters  have general ly  
been  found t o  v a r y  t o g e t h e r  i n  t h i s  same area. Th i s  i s  f o r t u n a t e ,  however, 
s i n c e  a regression between chlorophyl l  and radiances w i l l  be independent of 
sed iment  var ia t ions .  
The three-band algori thm centered on Band 4 has  been  used  in  the  ch loro-  
p h y l l  r e g r e s s i o n  a n a l y s i s .  The d a t a  are p l o t t e d  i n  f i g u r e  8 where i t  i s  seen  
t h a t  t h e r e  is  a n  e x c e l l e n t  c o r r e l a t i o n  (R2 = 0.94).  Again, i t  should  be 
no ted  tha t  t he  r ad iance  da t a  were c o l l e c t e d  on two d i f f e ren t  days  a t  two 
d i f f e r e n t  a l t i t u d e s ;  t h u s ,  t h e  a l g o r i t h m  h a s  done  an  exce l len t  job  of  
normal iz ing  the  a tmospher ic  in f luence .  
C h l o r o p h y l l  p r o f i l e s  were genera ted  a long  each  base l ine  us ing  the  rela- 
t i o n  g i v e n  i n  f i g u r e  8. A c o n t o u r  p l o t  o f  t h i s  d a t a  is  shown i n  f i g u r e  9. 
In t he  Bay mouth r eg ion ,  t he re  i s  a minor  extension of the contours  seaward,  
b u t  a l o n g  t h e  c o a s t ,  t h e  c h l o r o p h y l l  c o n c e n t r a t i o n  f a l l s  o f f  more r ap id ly .  
There is a major anomaly on baseline 4 ,  similar t o  t h e  s e d i m e n t  anomaly, bu t  
i t  i s  displaced  toward  the  coast   about  1 .5  km o r  more. The Chesapeake Bay 
plume i s  t h e r e f o r e  e v i d e n t  i n  t h e  s e d i m e n t  map, b u t  n o t  i n ' t h e  c h l o r o p h y l l  
d i s t r i b u t i o n .  
James Shelf Mission 
The f l i g h t  l i n e s  f o r  t h e  James Shelf Mission and the Chesapeake Bay 
Mission are shown i n  f i g u r e  1 0 .  B a s e l i n e  7 of  the  James Shelf  Mission was 
i n i t i a l l y  f l o w n  a t  a n  a l t i t u d e  of 5 .3  km, but  c louds were encountered 
j u s t  beyond the Chesapeake Bay tower  and  the  a i rc raf t  had  to  drop  t o  2 . 3  km. 
The r e t u r n  f l i g h t  a l o n g  b a s e l i n e  8 began about 60 nmi. a t  sea a t  
2 . 3  km a l t i t u d e .  The temperature ,   sediment ,  and c h l o r o p h y l l   p r o f i l e s  
from b a s e l i n e  8 are shown i n  f i g u r e  11. Only t h e  i n i t i a l  25 nmi. of  da ta  
are g i v e n ,  p l o t t e d  i n  a west t o  east d i r e c t i o n .  The p r o f i l e s  r e p r e s e n t  n a d i r  
d a t a  smoothed i n  t h e  same way as the  p rev ious  da t a .  The tempera ture  p lo t  
i n d i c a t e s  a major  anomaly of approximately 1.4 C. which  might  be  the  Gulf 0 
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Regression equation for line A ’  
InlChlorI=18.092+8.8817(84/83x851 / 
R = 0.97 
2 /’. 
/ 
/ 
/ 
/ 
/ 
/ 
6 ,// . 
/ 
/‘ 
/ 
./ 
/ 
r” 
6/20/80 A JS 
LY 
6/24/80 + NL 
JS 
DE 
- .I I 1.- .I . - -1 1 I 
. 4  .6 .8 1 2 4  6 
Figure 8. - Regression plot of Ch a_ + Ph c v s .  band 4aigorithm. 
,-“ 
6120/80 A JS 
Flgure 9. -Chesapeake Bay plume Ch a + Ph a contours for 6/24\80. 
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Figure IO. - Chesapeake Bay and Jamershelf fllght lines for 6/19/80 and 6/20/80. 
Stream boundary. The sediment and chlorophyll  data show only  minor  var ia t ions  
across this boundary; the data smoothing process would tend to minimize such 
e f f e c t s .  B a s e l i n e  7 p r o f i l e s  f o r  s e d i m e n t  and ch lo rophy l l  shown i n  f i g u r e  1 2  
are similar t o  t h o s e  t a k e n  4 days later du r ing  the  plume scan mission.  
Chesapeake Bay Mission 
The c a l i b r a t i o n  d a t a  f o r  t h e  Chesapeake Bay Mission are  given i n  f igu re  
13.  There w a s  n o t  s u f f i c i e n t  v a r i a t i o n  i n  t h e  c h l o r o p h y l l  measurements t o  
e s t a b l i s h  a n  a d e q u a t e  c a l i b r a t i o n .  Note tha t  t he  th ree -band  a lgo r i thm 
centered on Band 5 has  been used due to  the higher  values .  The d e c r e a s e  i n  
the  r ad iance  va lues  wi th  inc reas ing  ch lo rophy l l  a t  the lower end of the scale 
is real; t h i s  a l g o r i t h m  g o e s  n e g a t i v e  w h i l e  t h e  Band 4 a lgor i thm goes  pos i t ive  
below 8 t o  1 0  p g / l .  A n o t h e r  f a c t o r  i n f l u e n c i n g  t h e  c a l i b r a t i o n  w a s  s u n g l i n t .  
The f l i g h t  l ines f o r  t h i s  m i s s i o n  were b a s i c a l l y  o r i e n t e d  p e r p e n d i c u l a r  t o  
t h e  Sun d i r e c t i o n  whereby t h e  s c a n n e r  l o o k e d  i n t o  t h e  S u n ' s  r e f l e c t i o n  as i t  
scanned off  nadir .  This  may a c c o u n t  f o r  t h e  n e g a t i v e  s h i f t  i n  c a l i b r a t i o n  f o r  
both parameters.  
F igure  1 4  is a T-11 camera image taken from basel ine 3 near Annapolis,  
Maryland. The ver t ica l  l i n e  i n d i c a t e s  t h e  f l i g h t  d i r e c t i o n ,  w i t h  n o r t h  a t  
the  top .  The h o r i z o n t a l  l i n e  is what  the scanner  senses  when i t  sweeps  from 
r i g h t  t o  l e f t .  A l t h o u g h  t h e  S u n ' s  o r i e n t a t i o n  is no t  exac t ly  pe rpend icu la r  
t o  t h e  f l i g h t  l i n e ,  i t  is e v i d e n t  t h a t  s u n g l i n t  is dominat ing the scanner  
d a t a  i n  t h e  r i g h t  h a l f  of the  scene .  To i l l u s t r a t e  t h i s  e f f e c t ,  t h e  f i r s t  
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Figure 11. - James - shelf  mission  baseline 8 profiles. 
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Figure 12. - James - shelf mission  baseline 7 profiles. 
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1,000 scan l ines  from base l ine  3, which contain no land data ,  were averaged 
t o  minimize the influence of sediment variations within the scene. The radi- 
ance  va r i a t ion  in  Band 4, along with the relative v a r i a t i o n s  of t he  two sedi- 
ment algorithms, i s  p l o t t e d  i n  f i g u r e  15. The l a r g e  s p i k e  i n  Band 4 i s ,  of 
course,  due t o  s u n g l i n t .  The three-band  sediment  algorithm,  which is  a t en  
times enhancement about the value one, indicates a sediment  var ia t ion from 
about 1.5 mg/l t o  2.5 mg/l, according t o  t h e  c a l i b r a t i o n  c u r v e  i n  f i g u r e  13. 
By comparison, t h e  Band 7/Band 8 algorithm seems t o  be more s t rongly  
influenced by the  sungl in t .  
Although the three-band algorithm centered on Band 7 appears to normalize 
the  sung l in t  w i th in  the  da t a ,  it is  apparent that  the algorighm i s  not re- 
sponding solely to subsurface sediment variations.  The minimum va lue  in  the  
Band 4 scan has been displaced from nadi r ,  which is  a t  p i x e l  number 350, t o  
beyond p i x e l  450. Thus, sungl in t  is dominating most  of t he  da t a  and  making 
it less usefu l  for  subsur face  informat ion .  Sur face  e f fec ts  a re  very  pro- 
nounced,  however, as is evident from f igure  14 ,  and operat ing the scanner  in  
t h i s  mode could  be  benef ic ia l  for  inves t iga t ing  parameters such as o i l  s l i c k s .  
The Sun e l eva t ion  was about 50' when the  miss ion  s ta r ted  a t  base l ine  1 
and by the  time the  a i r c ra f t  r eached  the  Delaware Bay, t he  Sun was over 70 . 
The image i n  f i z u r e  1 6  is from base l ine  6 near  the mouth of t h e  Bay.  The 
a i r c r a f t  was f l y i n g  i n t o  t h e  Sun and sung l in t  i s  evident a t  the  center  of 
the photo.  Without  subsurface cal ibrat ion samples  for  this  area, the  TBAMS 
radiance data,  which was t aken  a long  the  ve r t i ca l  l i ne  in  the  pho to ,  would 
not  be  e f fec t ive  for  genera t ing  end products, such as contour maps. 
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Figure 13. - Regresslon plots for sedlrnent and  chlorophyll  from 
Chesapeake Bay mlssion. 
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F igu re  15. - Radiances  from  average of 1,000 scanl ines  beginn ing of 
baseline 3 Chesapeake Bay mission. 
CONCLUSION 
In summary,  TBAMS  has  been  successful  in  fulfilling  its  objectives 
during  the  Superflux I1 experiment. In particular,  three  highlights  of  the 
missions  should  be  mentioned.  First,  an  algorithm  was  demonstrated  that 
monitored  sediment  and  chlorophyll  and was  essentially  insensitive  to of f -  
nadir  radiance  variations.  Second,  the  Chesapeake  Bay  plume  was  successfully 
historic  low. And third,  it  was  found  that  sunglint  did  not  interfere  with 
the  mapping  mission,  although  it  meant  that  the  sensor  was  responding  to 
surface  reflections  and  not  subsurface  upwelling. 
‘ mapped  when  the  sediment  and  chlorophyll  variations  were  probably  at  a 
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4 Figure 16.- Photo  of Delaware Bay area taken on 6/20/80. 
